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A DATA PROCRS.STN'G SYSTEM A K-p VfFTHOn FOR PgRFORMTXPT 
AN ARITHMETIC OPFR ATTON ON' A PTT FR^ALfTV OF SIGNED DATA VAT T 

Field of the fnyention 

The present invention relates to a data processing system and method for 
performing an arithmetic operation on a pluralit>' of signed data values, and in particular 
to techniques which avoid the requirement to apply the arithmetic operation individually 
to each signed data value. 
P<?SCnptiaO ofthe Prior Art 

To enable arithmetic operations to be applied simultaneously to a number of data 
values, Single Instoiction Multiple Data (SDvfD) instructions have been developed, 
where a single instruction is applied to a composite data value consisting of a number of 
fields, with each field containing a separate data value. 

To support such SIMD instructions, it is necessary- to provide specific SINLD 
hardware to ensure that the data values in each field of the composite data value do not 
interact with each other during the application ofthe SrMD operation to the composite 
data value. For example, SIMD extensions like Intel Corporation's MMX hardware and 
the SA-1300 coprocessor generally allow a wide register to be split into independent 
fixed size sub-fields. For example, such registers may be 64 bits wide, and hence may 
contain eight 8-bit values, four 16-bit values or two 32-bit values. SIMD instructions 
operating on these registers are usually 3-operand instructions ofthe tvpe A=B op C, but 
they operate on each of the sub-fields in parallel. 

For example, an addition of two 64-bit SIMD registers containing four 16-bit 
values results in four additions being performed on the four sub-fields of each register. 
The 64-bit result contains four 16-bit values which are the sum of the corresponding 
fields ofthe inputs. 

The SI^[D approach is especially useftil in cases where a set of operations on 
data, for example S or 16-bit data, must be perfomied many times on large quantities of 
data. Considering the example where 64-bit registers are used, by employing SIMD 
instructions, up to eight independent S-bit data sets can be processed m parallel, 
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achieving significant processing speed improvements. One panicular area where such 
SIMD instructions are useful is the area of JPEG or NfPEG compression and'or 
decompression, where many Discrete Cosine Transformation (DCT) operations need to 
be performed. Each DCT consists of a series of additions and multiplications performed 
on signed data, and it has been found that the use of SIMD instructions can significantly 

improve processing speed. 

However, there are a number of disadvantages resulting from the use of SIMD 
instructions. Firstly, as mentioned earlier, to enable SIMD instructions to operate 
con-ectly, special hardware is required to ensure that the data values in the various sub- 
fields of the register remain decoupled from each other as the SIMD operation is 
applied. Further, new SIMD instructions that use this hardware need to be defined. 
This tends to lead to an increase in the instruction bit space required to identify 
instructions, which is undesirable. 
<^iimmarvo f rhe rnvention 

Viewed from a first aspect, the present invention provides a method of operatmg 
a data processing system to perform an arithmetic operation on a plurality 'p' of 
signed 'n-bif data values, comprising the steps of: encoding the plurality of signed n- 
bit data values as a composite value comprising p n-bit fields by performing an 
encoding operation equivalent to aligning each signed data value with a respective n- 
bit field, sign extending each signed data value to the most significant bit of the' 
composite value, and adding the aligned and sign extended data values to form the 
composite value; applying the arithmetic operation to the composite value to produce 
an encoded result comprising p n-bit fields; and decoding the encoded result to 
produce p final results by applying a decoding operation equivalent to extracting the 
data from each n-bit field of the encoded result and correcting for any effect caused by 
the addition of an adjacent sign extended data- value during the encoding step; 
whereby each final result represents the application of the arithmetic operation to a 
corresponding signed n-bit data value. 

In accordance with the present invention, two or more signed data values are 
encoded into a composite value, and the composite value is then processed using 
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standard instructions as if they were SCvfD instructions. This is made possible by use 
of a particular encoding of the signed data values which avoids the problems with 
overflow and underflow between two adjacent data values. Since this encoding 
enables standard instructions to be used, much of the benefits of using SIMD 
extensions can be achieved without the cost of extra hardware or new instructions 
which SIMD techniques necessitate. 

In accordance with the present invention, a plurality p of signed n-bit data 
values are encoded as a composite value composing p n-bit fields by performing an 
encoding operation equivalent to aligning, each signed data value with a respective n- 
bit field, sign extending each signed data value to the most significant bit of the 
composite value, and adding the aligned and sign extended data values to torm the 
composite value. This encoding allows many operations, for example addition, 
subtraction, multiplication by a constant and left shifting operations, to be used as 
long as each of the packed values remains within the minimum/'maximum range (for 
example a value in a 16-bit field must remain within the range -3276S to -32767). 

In accordance with the present invention, the encoding is applied to signed 
data values. Since the encoding of the present invention involves applying an 
operation equivalent to sign extending each signed data value to the most significant 
bit of the composite value, it is clear that the addition of the various signed data values 
aligned with their respective n-bit fields of the composite value will potentially result 
in some interaction between the various data values. For example, in preferred 
embodiments, by sign extending a particular signed data value, there will be no effect 
on the other data values if that sign extended data value is positive, but if that sign 
extended data value is negative, then this will have the effect of subtracting fi-om the 
composite value the value 1 aligned with the adjacent data value representmg the next 
n higher significant bits of the composite value. 

.Accordingly, due to this potential interaction, it is entirely counter intuitive to 
apply this encoding, smce it would be expected that the application of the arithmetic 
operation to the composite value resulting from such encoding would not yield a 
result from which could be derived the individual results that would of arisen from the 
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application of the arithmetic operation to each signed n-bit data value in turn. 
However, contrary to expectations, it has been found that by using the encoding 
technique of the present invention, the application of the arithmetic operation does 
yield an encoded result from which the individual fmal results can be readily derived. 
All that is required is to extract the data from each n-bit field of the encoded result 
and to correct for any effect caused by the addition of an adjacent sign extended data 
value during the encoding step. Hence, in preferred embodiment, all that is required 
is to add back to the encoded result the value 1 aligned with a particular n-bit field of 
the encoded result, if the data in the adjacent n-bit field representing the adjacent n 
. lower significant bits of the encoded result is negative. 

It will be appreciated that there are many different ways in which the encoding 
operation can be implemented, provided that the implementation chosen yields a 
composite value which is equivalent to aligning each signed data value with a 
respective n-bit field, sign extending each signed data value to the most significant bit 
of the composite value, and adding the aligned and signed extended data values to 
form the composite value. For example, it is not necessary to align each signed data 
value with a respective n-bit field prior to sign extending each signed data value, and 
alternatively each signed data value can first be sign extended prior to any alignment 

process taking place. 

Further, in one embodiment of the present invention, the encoding operation 
comprises.the steps of: allocating said plurality of n-bit data values to respective n-bit 
fields of an intermediate value, where the first n-bit field comprises the n lowest 
significant bits of the imermediate value and the p-th n-bit field comprises the n 
highest significant bits of the mteimediate value; for the p-l-th to the first n-bit field, 
beginning with the p-l-th n-bit field, detemnining whether the data value in that n-bit 
field is negative, and if so, generating a new intermediate value by subtracting from 
the interm.ediate value a logic I value aligned with the adjacent n-bit field 
representing n higher significant bits; such that when the first n-bit field has been 
processed, said intermediate value is said composite value. 
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Similarly, it will be appreciated that the decoding operation can be 
implemented in a number of different ways, provided that it produces final results that 
are equivalent to extracting the data from each n-bit field of the encoded result and 
correcting Tor any effect caused by the addition of an adjacent sign extended data 
value during the encoding step. For example, in a preferred embodiment of the 
present invention, a first n-bit field of the encoded result comprises the n lowest 
significant bits of the encoded result and a p-th n-bit field of the encoded result 
compnses the n highest significant bits of the encoded result, and the decoding 
operation comprises the steps of for the first n-bit field to the p-l-th n-bit field, 
starting with the first n-bit field, determining if the data in that ri-bit field is negative, 
and if so. generating a new encoded result by adding to the encoded result a logic 1 
value aligned with the adjacent n-bit field representing n higher significant bits; such 
that when the p-l-th n-bit field has been processed, each n-bit field contains one of 
said p final results. 

WTiilst considering the encoding operation and the decoding operation, it will 
also be appreciated by those skilled in the art chat, dependent on the implementation 
chosen, the encoding operation and- or the decoding operation can consist of one or 
more instructions. 

In preferred embodiments, the arithmetic operation is a function of one or 
more composite values, each composite value encoding a plurality of signed n-bit data 
values, and each composite value being generated by applying said encoding step to 
the corresponding plurality of signed n-bit data values. Hence, if it is desired to 
perform the addition A = Ai ^ A. and the addition B = B, + B2, then, in accordance 
with preferred embodiments of the invention, nvo composite values Ci and C2 would 
be produced, where Cj is an encoding of A, and B-, and C2 is an encoding A2 and B;, 
and the arithmetic operation would then perform an addition of the two composite 
values Ci and C. to produce the result C = C, C^. The results A and B would then 
be denved by decoding the result C of the arithmetic operation. The above operation 
is illustrated for simplicity, but it will be appreciated by those skilled in the art that 
more than two data values may be involved in the generation of a composite value, 



and the arithmetic operation may be applied to more than two composite values. 
Further, it will be appreciated that the arithmetic operation may in fact comprise a 
plurality of operations. 

[n preferred embodiments, the signed data values are in 2-s complement 

format. 

It will be appreciated that many different arithmetic operations may be applied 
to the composite values resulting from the encoding technique of the present 
invention. However, in one embodiment of the present invention, the arithmetic 
operation comprises one or more discrete cosine transformation (DCT) operations, 
each DCT operation being a function of one or more composite values, each 
composite value encoding a plurality of signed n-bit data values, and each composite 
value being generated by applying said encoding step to the corresponding plurality of 
signed n-bic data values. One particular area where DCT operations are applied is that 
of JPEG of MPEG compression or decompression, and it has been found that the 
techniques in accordance with preferred embodiments of the present invention are 
particulariy advantageous when performing JPEG or MPEG compression or 
decompression. 

Viewed from a second aspect, the present invention provides a data processing 
system for performing an arithmetic operation on a plurality 'p' of signed 'n-bit' data 
values, compnsing: a processor for applying the arithmetic operation; a storage for 
storing the plurality of signed n-bit data values; the processor being arranged, prior to 
execution of the arithmetic operation, to retrieve the plurality of signed n-bit data 
values from the storage, and to encode the plurality of signed n-bit data values as a 
composite value comprising p n-bit fields by executing an encoding operation 
equivalent to aligning each signed data value with a respective n-bit field, sign 
extending each signed data value to the most significant bit of composite value, and 
adding the aligned and sign extended data values to form the composite value, the 
composite value being stored in the storage; the processor being arranged to apply the 
arithmetic operation to the composite value to produce an encoded result comprising p 
n-bic fields, and to store the encoded result in the storage; and the processor further 



being arranged, subsequent to application of the arithmetic operation, to decode the 
encoded result to produce p final results by executing a decoding operation equivalent 
to extracting the data from each n-bii field of the encoded result and correcting for any 
effect caused by the addition of an adjacent sign extended data value during the 
encoding step; whereby each final result represents the application of the arithmetic 
operation to a corresponding signed n-bit data value. 

In preferred embodiments, the processor includes a shifter and an arithmetic 
logic unit (ALU) arranged to execute the encoding and decoding operations. These 
are standard hardware elements within a typical processor, and hence no special 
hardware is required within the processor to enable it to handle the encoding and 
decoding operations. However, if desired, specitlc hardware could be provided to 
handle the encoding and or the decoding operations. 

The storage used to store the signed n-bit data values, the composite value, and 
the encoded result, may take a variety of forms, for example a memory, or a register 
bank, and indeed different physical storage elements may be used to store the signed 
n-bit data values, the composite value, and the encoded result. However, in preferred 
embodiments, the storage is a register bank for storing data values used by the 
processor. Hence, prior to execution of the encoding operation, the relevant signed n- 
bit data values will be read into the register bank from memor>-, and then the encoding 
operation, arithmetic operation and decoding operation will take place by appropriate 
manipulation of the data values in the register bank. 

Viewed from a third aspect, the* present invention provides an 
encoding-decoding manager for a data processing system arranged to perform an 
arithmetic operation on a plurality 'p' of signed 'n-bit' data values, the 
encoding'decoding manager being arranged to encode the plurality of signed 'n-bit' 
data values as a composite value prior to application of the arithmetic operation by the 
data processing system to generate an encoded result, and to subsequently decode the 
encoded result to produce p final results, the encoding-decoding manager comprising: 
an encoder configured in operation to encode the plurality of signed n-bit data values 
as said composite value comprising p n-bit fields by performing an encoding 



operation equivalent to aligning each signed data value with a respective n-bit field, 
sign extending each signed data value to the most significant bit of the composite 
value, and adding the aligned and sign extended data values to form the composite 
value; and a decoder configured in operation to produce said p fmal results by 
applying a decoding operation equivalent to extracting the data from each n-bit field 
of the encoded . result and correcting for any effect caused by the addition of an 
adjacent sign extended data value during the encoding step; whereby each final result 
represents the application of the. arithmetic operation to a corresponding signed n-bit 
data value. 

Viewed from a fourth aspect, the present invention provides a computer 
program product on a computer readable memory- for operating a data processing 
system to encode a plurality 'p' of signed 'n-bit' data values as a composite value 
prior to application of an arithmetic operation to generate an encoded result, and to 
subsequently decode the encoded result to produce p final results, the computer 
program product comprising: -an encoder configured in operation to encode the 
plurality of signed n-bit data values as said composite value comprising p n-bit fields 
by performing an encoding operation equivalent to aligning each signed data value 
. with a respective n-bit field, sign extending each signed data value to the most 
significant bit of the composite value, and adding the aligned and sign extended data 
values to form the composite value; and a decoder configured in operation to produce 
said p final results by applying a decoding operation equivalent to extracting the data 
from each n-bit field of the encoded result and correcting for any effect caused by the 
addition of an adjacent sign extended data value during the encoding step; whereby 
each final result represents the application of the arithmetic operation to a 
corresponding signed n-bit data value. 
ne<;cnption of the Drawings 
The present invention will be descnbed ftirther, by way of example only, wuh 
reference to preferred embodiments thereof as illustrated in the accompanying drawings, 
in which; 
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Figure I is a block diagram illustrating elements of a processor core used in an 
embodiment of the present invention to perform the encoding and decoding operations; 

Figure 2 is a flow diagram illustrating the encoding operation in accordance with 
a first embodiment of the present invention; 
5 Figure 3 is a flow diagram illustrating the encoding operation in accordance with 

a second embodiment of the present invention; and 

Figure 4 is a flow diagram illustrating a decoding operation used in accordance 
with preferred embodiments of the present invention. 
Description of Preferred Embodiments 
10 Figure I is a block diagram illustrating components of a standard processor core 

10 arranged in accordance with a preferred embodiment of the present invention to 
perform an arithmetic operation on a plurality p of signed n-bit data values. Instructions 
to be executed by the core 10 are passed over path 70 into an instruction pipeline SO. 
Further, data values to be used by the processor core are loaded into a register bank 20, 
15 typically comprising a plurality of registers. In Figure I, the data values are loaded into 

the register 20 from a cache 30 over path 35, but it will be appreciated chat the data 
values need not be loaded directly from cache 30, but could alternatively be loaded from 
other memory provided by the data processing system containing the processor core 10. 

In Figure 1, the register 20 is illustrated as having a plurality of registers, each 
20 register being 32 bits in length, and consisting of four 8-bit fields. However, the 

registers need not be 32 bits in length, and other tvpical register sizes jhat may be used 
are 64 bits and 128 bits. 

An instruction decoder 40 is arranged to read instructions from the pipeline 80, 
and to decode those instructions into operations to be applied by hardware within the 
25 processor core. Accordingly, as an example, if the instruction decoder 40 decodes an 

instruction requiring a shift operation to be performed, it will provide a signal to shift 
logic 60 to instruct the shift logic to perform the necessar>' shift operation. Further, it 
will send a signal to the register bank 20 to cause the operand data value(s) to be output 
from the register bank to the shift logic 60. Typically, once the operand data value has 
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been shifted, the shifted value will be returned by the shift logic 60 to the register bank 
20, where it will be stored in one of the registers. 

Similarly, if the instruction decoder 40 decodes an arithmetic operation such as a 
multiplication or an addition, it will send a signal to the Arithmetic Logic Unit (ALU) 
50 to cause the ALU to perform the necessary arithmetic operation(s)- Funher, it will 
contact the register bank 20 to cause the necessary-' operand data values to be passed 
from the register bank 20 to the .ALU 50, and on completion of the arithmetic 
operation(s), the ALU 50 will C\pically store the resultant data valuefs) back to the 
register bank 20. 

The above discussion of Figure I is intended to provide an ovemew of the 
operation of the illustrated standard elements of a processor core 10. In accordance wiih 
preferred embodiments of the present invention, this standard core 10 is arranged to 
perform an arithmetic operation on a plurality of signed n-bit data values, and the 
techniques used to achieve this in preferred embodiments will now be discussed in more 
detail with reference to Figures 2 to 4. 

The techniques of the preferred embodiment are applied to signed data values in 
2-s complement format, these being data values which have a sign bit which allows the 
value to be positive or negative. Hence, considering the example of a signed 8-bit data 
value, this may range in value from -1 28 to -^127. 

In accordance with an encoding technique employed in a first embodiment of the 
present invention, the signed data values are *'sign extended''. Considering the example 
of a 16-bit data value, this can be sign extended to, for example, a 32-bit data value by 
placing 16 copies of the sign bit (e.g. bit 15 considering the example of a 16-bit data 
value) in bits 16 to 31. Hence, for example, the 16-bit signed value -32767 is 0x8001 in 
hexadecimal notation, the symbol "Ox" identify ing that the notation is hexadecimal. By 
sign extending this number to 32-bits, it becomes OxFFFFSOOl, since the hexadecimal 
value "'8" indicates that the four most significant bits of the 1 6-bit value are "1000" in 
binary fomiat, and accordingly the sign bit is "1". 

In accordance with preferred embodiments of the present invention, the plurality 
of si^n^ed n-bit data values are encoded prior :o application of the arithmetic operation. 



The encoding technique used in a .first embodiment of the present invention will be 
discussed further with reference to Figure 2. At step 200, the plurality of n-bit data 
values are loaded from the cache 30 into predetermined registers of the register bank 20. 
Then, at step 210, each signed data value is sign extended to **m'' bits, where m is the 
length of the composite value that is to be used to encode the plurality of n-bit data 
values. The sign extension process may be performed by the ALU 50 or the shift logic 
60. Preferably, these sign extended data values are then stored in "m" bit registers of the 
register bank. 

At step 220, a first n-bit data value is allocated as the n least significant bits of 
the composite value. Then, at step 230, a variable X is set equal to I , and at step 240 the 
next sign extended n-bit data value is retrieved from its register in the register bank 20 
by the shift logic 60, and is shifted left by Xn bits. Preferably, at this stage, the data 
value as shifted is written back to a selected register of the register bank 20. 

Following this step, the process proceeds to step 250, where it is determined 
whether the value Xn equals m. This calculation effectively determines whether all of 
the n-bit data values to be encoded into the composite value have been shifted so as to 
align them with their respective n-bit field of the composite value. If Xn does not equal 
m, then the process proceeds to step 260, where X is incremented by I, and the process 
then 'returns to step 240. Taking this new incremented value of X, the next n-bit data 
value is then shifted left by Xn bits, and this process is repeated for each n-bit value in 
turn until it is determined that Xn equals m. At this stage, all of the. n-bit data values 
will have been sign extended to m bits, and will have been shifted so as to be aligned 
with a respective n-bit field of the composite value. Accordingly, at step 270, these sign 
extended and shifted data values are retrieved by the ALU 50 from the register bank 20, 
and added together to form the composite value. The result is then output to the register 
bank 20 for storage in a register allocated to hold the composite value. At this point, the 
encoding operation is complete, and so the process proceeds to step 280 where the 
encoding operation is terminated. 

It will be appreciated by those skilled in the art that the sequence of operations 
need not be perfomied in exactly the same order as that illustrated in Figure 2. For 
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example, the shifting process embodied by steps 220 to 260 in order to align each n-bit 
data value with a respective n-bit field of the register allocated for the composite value 
can be performed prior to any sign extension of the data values. In this case, once all of 
the data values have been aligned with their respective n-bit tleld, then each data value is 
sign extended to the most significant bit of the composite value (i.e. for a composite 
value having length m, and consisting of bits 0 to m-1, then each data value will be sign 
extended to bit m-l). Follo^nng the sign extension operation, then the process will 
proceed to step 270, where the values are added together. 

Further, rather than leaving the addition step until the end, it is possible to 
perfomn an addition each time a data value is sign extended and shifted. For example, 
when the second data value is shitted left by n bits and sign extended, it can then be 
added directly to the first sign extended data value, prior to sign extending and shifting 
the third data value. Then, when the third data value has been sign extended and shifted 
left by 2n bits, then that value can be added to the result of the previous addition, and so 
on, until all n-bit data values have been encoded into the composite value- 
To further illustrate the encoding technique described with reference to Fig'ore 2, 
an example will now be considered, where nvo l6-bii values a and b are to be encoded 
into a 32-bit word c. The encoding can be represented by the equation: 
c = SignE.xtend (a) - (b « 16) 

Accordingly, a is first sign extended co 32 bits, and then b is added into the high 
16 bits of the sign e.xtended version of a. In preferred embodiments, if a is a positive 
-number, then the sign bit (i.e. bit 15) will be 0, and hence the sign extension will involve 
adding Os into bits 16 to 31. Accordingly, this process will have no effect on the value 
of b represented in the upper 16 bits of c. However, if a is negative, dien the sign bit 
will be 1, and accordingly Is will be added to bits 16 to 31. This means that if a is 
negative, b is effectively decremented by I when encoded in c. For example, if a = -2 
and b = 10, then c = -2 ^ (10 « 16) which equals 0x0009FFFE. Hence, it is seen that 
the low 16 bits still represents -2, .but the high 16 bits represents -^9, instead of the 
expected -10. 



It will be appreciated that the encoding process performed does not actually have 
to perform the sign extending and shifting ftinctions directly, as long as the encoding 
produces a composite value equivalent to the process illustrated with reference to Figure 
2. For example, an altemative encoding technique which results in the same composite 
value is illustrated in Figure 3. In accordance with the Figure 3 process, the p n-bii data 
values to be encoded into the composite value are first loaded into consecutive n-bit 
fields of an m-bit register allocated for the composite value, where m = p x n. Hence, if 
the composite value is to represent four 8-bit data values, then m = 32, and the 
composite value will be stored in a 32-bit register. At this stage, the data values will be 
packed as they would .be when using the prior an SIMD approach, in that each data 
value -is placed in a respective n-bit field of the register, and none of the data values 
overlap each other. 

However, in accordance with the encoding technique of this embodiment, the 
process then proceeds to step 310, where a variable X is set equal to p-l. Then, at step 
320 it is determined whether the data value in die X-th n-bit field is negative. Thus, 
considering the above example where four 8-bit data values are encoded into the 
composite value, then on the first iteration it is determined at step 320 whether the third 
n-bit field is negative. If the field is not negative, then as discussed earlier, that data 
value will have no effect on the other data values in the composite value, and 
accordingly the process will proceed directly to step 340 where it is determined whether 
the variable X = 1. If X does equal 1, then the encoding processes complete, and 
accordingly proceeds to step 360 where the encoding operation is terminated. However, 
if X does not equal I, then the process proceeds to step 350, where X is decremented by 
1, and the process then returns to step 320. 

. If, at step 320, it is determined that the data value in the X-th n-bit field is 
negative, then the process proceeds to step 330, where I is aligned with the X^l-th n-bit 
field and then subtracted firom the register contents. Hence, considering the above 
example, if on the second iteration it is determined that the data value in the second n-bit 
field is negative, then at step 330, the logic value 1 is aligned with the least significant 
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bit of. the data value in the third n-bit field, and then subtracted from the register 
contents. 

This process is repeated until at step 340 it is determined that X = 1. at which 
point the sign of the data value representing the n least significant bits of the composite 
value will have been evaluated, and any subtraction necessary- will have been performed. 
Then the process proceeds to step 360, where the encoding operation temiinates. 

Once the encoding process has been performed, then the m-bit composite values 
can be used in algorithms that have been designed to handle n-bit data values, and hence 
considering the example of four 8-bit data values encoded into a 32-bit composite value, 
then a standard S-bit algorithm using 32-bit registers can be applied to the composite 
value, without any special hardware being required to take account of the fact that the 
composite value actually encodes four smaller data values. Thus, it can be seen that the 
special encoding technique described above allows normal instructions to be used as if 
they were SINID instructions, but without the requirement to add the special hardware 
that is required to handle SIMD instructions. This has been found to apply provided that 
the individual n-bit values that are encoded into the composite value would not have 
overflowed or underflowed had the algorithm been applied to them directly rather than 

to the composite value. 

Given the above discussion, it is apparent that the encoding step can 
decrement the values in each but the first field by at most one because of the sign 
extension. Although this can underflow fields with the minimum negative value, this 
is not significant. For example, if a preceding 16 bit field is positive, the values 
-3276S .. 32768 are represented in the current field unchanged, whereas if the 
preceding field is negative, -32768 is represented by -32767 in the currem field, and 
-32767..32767 are represented in the current field as -32768..32766. So this encoding 
does not lose the ability to represent all possible values in each field, and performing a 
decoding step after an encoding step results in the original values being returned 
unchanged. The encoding scheme can be seen as one field 'borrowing' a 'V from the 
next if the value is negative. If a field changes sign from a positive to a negative 
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value, one is borrowed from the next field, in the other direction, (and also during 
decoding the borrow is undone). 

To prove that the encoding technique works, it will be used in the following 
description to encode two values into one encoded value, and then do an addition. It 
will illustrate that the decoded result of a single addition yields the same results as 
doing two separate additions on the original values. The proof easily extends to 
multiple values. Also, from the proof for addition it follows that multiplication by a 
constant, and left shifting (equivalent to multiplication by a positive power of 2) can 
be derived. Although the proof is not needed for proper understanding of the encoding 
and decoding steps, it is provided to show that the arithmetic. operations applied on the 
encoded values do constitute useful results, making the invention useful for practical 
purposes. 

Firstly, values A,B are defined as the result of applying the encode operation 
to A1,A2 and B1,B2 respectively. R is the result of an arithmetic addition operation 
applied on A and B, and RI,R2 are the results after decoding R. 
The goal is to prove that Rl = Al - Bl and R2 = A2 ^ B2. 

A = encode(Al, .A2) 
B = encode(Bl, B2) 
20 R = A + B 

Rl,R2 = decode(R) 

Encoding of two signe.xtended values in range [-N/2 N72-1] is defined as: 
encode(X, = X ^ Y * N 
25 where N is a power of 2 (log(N) being the bit width of the fields). 

Decode is the reverse of encode, mathematically defined as: 
decode I (Z) = SEXT(Z mod X) decode2(Z) 

= SEXT((Z / N) - ((Z mod N) / (N;2)y) decode(Z) = decodel(Z), decode2(Z) 
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The division operator, denoted as V, specifies integer division and rounds 

towards nninus infinity. 

The modulo operator, returning the remainder of a division, is denoted as 
•mod'. Modulo results always have the same sign as the denominator, and range from 
0 to denominator- 1 (thus B * (A / B) + A mod B = A irrespective of the sign of A). 

The signe.xtension operator, sign-extending a log(N) bit value to a full width 
signed value in range [-(N72)..0S72)-l]. is denoted as 'SEXT. It is assumed SEXT(X 
mod K) = SETX(X) - that is. if X is outside the valid range before signextension, 
only logCN) bits of X are used of X to fomi a signextended value in range. It is also 
asserted that SETX(X) = X if X lies in the range [-(N/2).:CN''2)-ll. 

Firstly, it is proved that decode(encode()) is an identity for values within the 
specified range. We split this proof into three parts, one for the first encoded value, 
and two for the second encoded value, with a separate proof for the cases where the 
first value is positive or negative. 

Proof for X = decode I (encode(X, Y)): 

decode l(encode(X, Y)) = definition of encode decode I (X - Y * N) 
= definition of decode I 
SEXT((X + Y * N) mod N) 

= arithmetic: (X + Y * N) mod N = X mod N SEXT(X mod K) 
= anthmetic: X mod N = X (as X in [0..(N/2)-l]) 
SEXT(X) ' ' ■ 

== SEXT definition 
X 

Proof for Y = decode2(encode(X, Y)) if X positive: 



decode2(encode(X. Y)) = definition encode decode2(X + Y * N) 
= definition decode2 



SEXT((X ^ Y * N) / N + (((X + Y • N) mod N) / (N/2))) 

= arithmetic: (X + Y N) mod N = X mod N SEXT((X ^ Y * N) / N - ((X mod 
N)/(N/2))) 

= arithmetic: (X + Y * N") / N = Y mod N as X in [0..(N/2)-l] (X does not alter Y) 

SEXT(Y mod N ^ ((X mod N) / (N/2))) 

= arithmetic: X in [0..(N/2)-l], so X mod N == X 

SEXT(Y mod N + (X / (N/2))) 

= arithmetic: X in [0..(N/2)-l]. so X / N = 0 

SEXT(YmodK) 

= SEXT definition 

Y 

Proof for Y = decode2(encode(X, Y)) if X negative: 

decode2(encode(X, Y)) = definition encode decode2(X + Y * N) 
= definition decode2 

SEXT((X - Y * N) / N + (((X - Y * N) mod N) / (N/2))) 

= arithmetic: (X + Y * N) mod N = X mod N SEXT((X + Y * N) / N + ((X mod 

N)/(N/2))) 

= arithmetic: (X + Y * N) / N == (Y - I) mod N as X in [-(■N/2)..-l ] (X borrows 1 
fromY) 

SEXT((Y - 1) mod N ^ ((X mod NO / (N/2))) 

= arithmetic: X in [-(N/2)..- 1 ]. so X mod N = X + N 

SEXT((Y - I) mod N ^ ((X - N) / (N/2))) 

= arithmetic: X - N in [N-(N72)..N- 1 ] and N even, so (X - N) / (N/2) = 1 

SEXT((Y- I)modN+ I) 

= SETX definition 

SEXT(((Y - 1 ) mod N + 1 ) mod N") 

= arithmetic: (A mod N*) mod N = A (double modulo is redundant) SEXT(Y mod 
M 
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= SEXT definition 
Y 

It can now be proved that Rl = Al + A2 and R2 = B I - B2 if the additions do not 
overflow: 

R1,R2 

== definition of Rl.Ri decode(R) 

= definition of R decode(A + B) = definitions of A and B decode(encode(Al , A2) 
+ encode(Bl. B2)) 

= definition of encode decode((Al ^ A2 * N) - (B I ^ B2 * K)) 
= commutativity of - and * decode((Al + B 1) ^ (A2 - B2) * N) 
= definition of encode decode(encode(Al + Bl, A2 -i- B2)) 
= decode(encode) identity if values within range 

(this is the case if Al - B I or A2 -r B2 do not overflow) 
Al+Bl,A2-B2 

Algorithms that obey the above constraints can be applied without modification, 
and result in correct manipulation of the data values as encoded into the composite 
value, and accordingly all that is required once the arithmetic operation, or sequence of 
arithmetic operations, has been applied, is to apply a decoding operation that corrects for 
any effect caused by the original encoding process. The decoding, technique employed 
in preferred embodiments of the present invention to correct for these effects that occur 
during encoding is illustrated with reference to Figure 4. 

At step 400. a variable X is set equal to I. Then, at step 410. it is determined 
whether the data value in the X-th n-bit field is. negative. Accordingly, on the first 
iteration, it is determined whether the first n-bit field representing the n least significant 
bits of the composite value is negative. If that value is negative, then the process 
proceeds to step 420, where the value' 1 is aligned with the X^l-th n-bit field, and then 
added to the register contents. Accordingly, as an example, if the first n-bit field is 
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negative, then I is aligned with the least significant bit of the second n-bit field, and 
added to the register contents. The process then proceeds to step 430, where it is 
determined whether X = p - I. If at step 410, it was determined that the X-th n-bit field 
was not negative, then the process proceeds directly to the step 430. rather than via step 
420. 

If X does not equal p -I, then the process proceeds to step 450. where X is 
incremented by 1, and the process then returns to step 410. The process is then repeated 
until it is determined that X does equal p - 1 at which point the decode process is 
complete, and hence proceeds to step 440 where the decode operation is terminated. 

Considering the earlier example of two. 16-bit values a and b being encoded into 
a 32-bit composite value c, then the following C code fragment can be used co produce 
the decoding operation illustrated in Figure 4 (the ANSI standard rules are assumed to 
apply): 

a = c & 65535; // extract a 

if (a<0) c -^=1 « 16; // undo decrement caused by negative a 
b = c » 16; // extract b 

The value 65535 has the least significant 16 bits set to 1, and the most 
significant 16 bits set to 0. Hence, when an AND operation is applied based on inputs 
of c and 65535, the value 65535 effectively acts as a mask, such that the output is the 
value a. As illusnrated by the second line of the above computation, if it is then 
determined that a is less than 0 (i.e. negative) then c is altered to equal c (I shifted left 
by 16 bits). This hence adds 1 to the least significant bit of the field of the composite 
value containing b. To extract b, all that is then required is to shift c right by 16 bits and 
to output the result, which will now be the corrected value of b. 

Having discussed the encoding and decoding techniques of preferred 
embodiments, an example will now be discussed with reference to the following code, 
which demonstrates how four S-bit signed integers can be packed into and unpacked 
from 32-bit integers in accordance with preferred embodiments. The example consists 
of adding the values in four arrays, first using the standard approach where the values in 
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each array are added together separately, and then using an approach in accordance with 
preferred embodiments of the present invention. 

The following C code illustrates the encoding operation employed in accordance 
with an embodiment of the present invention, where a 32-bii register contains four 
independent S-bit values, and the register contents are manipulated to produce the 
encoded composite value: 



i#include <stdio.h> 



10 // following two lines are dependent on compiler 

tvpedef signed char intS; // this defines a t>pe 'intS' which is a signed 8-bit number 
tvpedef int word; // this defines a type 'word' which is a 32-bit signed integer 

// encode a 32 bit containing 4 independem 8-bit values into 4 combined values 
15 word sign_encode(word x) 

{ 

X -= (x « 1) &. (I « 24); // if negative, subtract one 
X .= (x« I) & (I « 16); 
X -=(x « l)&(l «S); 
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return x; 



} 
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Considering the equation x -=(x « 1) & (1 « 24), the .A.ND operation (x « I) 
and (1 « 24) results in the most significant bit (i.e. the sign bit) of the data value in the 
third n-bit field bemg logically .^N-Ded with a logic value 1; which as discussed earlier 
will produce a 0 if the data value is positive, and a 1 if the data value is negative. Due to 
the shifting involved, the result will actually coincide with the least sigmficant bit of the 
data value m the fourth 8-bit field, and the equation defines that x becomes x minus the 
result of the .^ND operation. .Accordingly it can be seen that the result of this is to 
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subtract from the contents of the 32-bit register the value 1 aligned with the fourth 8-bit 
field if the data value in the third 8-bit field is negative. It can be seen that the next two 
equations perform a similar subtraction but with the I aligned with the third and the 
second n-bit fields, respectively. 

The following code illustrates a suitable decoding operation for converting the 
contents of the 32-bit register to contain the four independent result data values: 
// decode a 32-bit word containing 4 combined 8-bit values into 4 independent values 
word sign_decode(word x) 
{ 

X (X « I) & (1 « 8); // if negative, add one 
x+=(x« 1)&(1 « 16); 
x^=(x« 1)&(I «24), 
return x; 

} 

Given the earlier discussion of the encoding process, it can be seen that the 
above decoding equations result in I being added back to the register contents to correct 
for any effect caused by the encoding operation. 

An alternative encoding technique where four 8-bit signed values are packed 
into a 32 bit word is represented by the following code: 
'V pack 4 8-bit signed values into a 32-bit word 
word pack(int8 a, intS b, intS c, inl8 d) 
{ 

return (word) a + ((word) b « 8) ^ ((word) c « 16) - ((word) d « 24); 

} . 

In accordance with the above equation, the values a, b, c and d are first sign 
extended to be a word (i.e. 32 bits) in length, the value b is then shifted left by 8 bits, the 
value c is shifted left by 16 bits and the value d is shifted left by 24 bits, and then the 
packed word is formed by adding the sign extended and shifted values together. 

A suitable decoding operation which yields four separate result data values is 
illustrated by the following code: 



// unpack a 32-bit word into 4 8-bit signed values 
void unpack(word x, intS *a, intS *b, intS *c, intS *d) 

{ 

X = sign_decode(x); 

*a = x; 

*b = X » 8; 

*c = x»l6; 

*d = X » 24; 

} 

In accordance with the above equations, the 32 bit word is first decoded by 
applying a decoding operation in accordance with preferred embodiments of the present 
invention, and then the word is right-shifted so as to aUgn the i-th 8-bit field with the 
low 8 bits before storing this value in a storage location pointed to by pointers a, b, c and 
d, respectively. 

The following code is an example of an addition of multiple values using both 
the above mentioned standard approach, and the approach of preferred embodiments of 
the present invention: 

ifdefine SIZE 8 // this defines diat each array contains 8 values 

int8 A [SIZE], B [SIZE], C [SIZE], D [SIZE]; // this defines that arrays A, B, C & D 

contain 8-bit integers 

word E [SIZE]; /'/ this defines that array E contains words (i.e. 32-bits) 

intS serial_3umS(int8 *p) 7 this defines a serial sum operation for 8-bit integers 

{ . 

renim p[0] - p[l] + p[2] - p[3] - p[4] - p[5] + p[6] + p[7]; 

} . 

word parallel_sum8(word *p) /•' this defines a parallel sum operation for 32-bit words 
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{ 

return p[0] - p[l] + p[2] v p[3] + p[4] - p[5] + p[6] - p[7]; 

} . • 

int main(void) // program starts 

{ 

int i; // a variable "i" is defined 

intS resa, resb. resc, resd; // this defines that results resa, resb, resc, resd are 8-bit 

integers 

word res; // this defines that the result "res" is a 32-bit word 
// Initialize A, B, C and D 

for (i = 0; i < SIZE; i-H-) // loop is defined for i = 0 to SIZE in order to generate 

arbitrary- contents for arrays A, B, C and D for the sake 
of illustration 

{ 

A[i] = i-10; 

B[i]=-i*3 + 10; 

C[i]=i-5; 

D[i] =i * i - 5 * i - I; 

} . 

// standard approach 
resa = serial_sum8CA); 
resb - serial_sum8(B); 
resc = seriarsum8(C); 
resd = serial_sumS(D); 

printfC'Results 1 : %d %d %d %d^ji", resa, resb, resc, resd); 



// approach of preferred embodiments 



for (i = 0; i < SIZE; i-H-) 

E[i] = pack(A[il, B[i], C[i], D[i]); // pack data first using encoding technique of 

present invention 

res = paralIel_sum8(E); 

unpack(res, &resa, (tresfa. &resc, &resd); 

printfC'Results 2: %d %d ^od %d-n", resa, resb. resc, resd); 



■ return I; 
} 

If the above two pieces of code are run, the results printed for the standard 
approach and for the preferred embodiment approach are the sanie. However, the 
standard approaches needs 23 additions, while the approach of preferred embodiments 
needs only 7 additions. However, packing and unpacking adds approximately 100 
operations, so the best gains are achieved when the processing phase is quite complex. 
In a 8x8 DCT, significant gains are achieved since about 450 additions are needed per 
64 data values. 

Given the above description, it is clear that preferred embodiments of the present 
invention allow non-SIMD instructions (i.e. standard instructions) to be used on 
composite values, and for the result to then be decoded to produce a set of results 
equivalent to the application of the algorithm to each of the constituent data values 
individually. This results in significant processing speed improvements. One particular 
field in which this technique has been found to be particularly beneficial is the field of 
JPEG or MPEG compression and decompression, where many DCT operations need to 
be performed, each DCT operation consisting of a series of additions and multiplications 
performed on signed data. For example, a typical DCT may be performed on 8-bit 
signed data, resulting in 1 6-bit outputs. By scaling the intermediate results 
appropriately,, it is possible to calculate a DCT accurately while using 1 6-bit signed 
integers. By employing the technique of preferred embodiments of the present 
inOention, nvo 16-bit DCT calculations can be perfonned in parallel on a jl-bit 



processor using a standard 32-bit arithmetic instruction. A pre-processing step is 
performed to encode the data used for two DCTs into one composite value, after which 
the normal DCT algorithm is applied without change. The result is then decoded into 
the two DCT results. Since encoding and decoding are particularly efficient operations 
(using an ARM processor core, one instruction is required for encoding 
(.\DD C,A,B.LSL#16) and three instructions for decoding (MOVS B,C,ASR=16, 
ADC B,B,?#0. followed by SUB A,C,B,LSL#16)), and indeed in JPEG packing can be 
done for free, it has been found that DCT calculation becomes nearly twice as fast. 

Although a particular embodiment has been descnbed herein, it will be 
appreciated that the invention is not limited thereto and that many modifications and 
additions thereto may be made within the scope of the invention. For example, 
various combinations of the features of the following dependent claims can be made 
with the features of the independent claims without departing from the scope of the 
present invention. 
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CLAIMS 

1. A method of operating a data processing system to perform an arithmetic 
operation on a plurality 'p' of signed 'n-bit' data values, comprising the steps of: 

5 encoding the plurality of signed n-bit data values as a composite value comprising p 

n-bit fields by performing an encoding operation equivalent to aligning each signed 
data value with a respective n-bit field, sign extending each signed data value to the 
most significant bit of the composite value, and adding the aligned and sign extended 
data values to form the composite value; 

10 applying the arithmetic operation to the composite value to produce an encoded result 

comprising p n-bit fields; and 

decoding the encoded result to produce p final results by applying a decoding 
operation equivalent to extracting the data from each n-bit field of the encoded result 
and correcting for any effect caused by the addition of an adjacent sign extended data 
15 value during the encoding step; 

whereby each final result represents the application of the arithmetic operation to a 
corresponding signed n-bit data value. 

2. A method as claimed in Claim I. wherein the encoding operation comprises 
20 the steps of: 

allocating said plurality of n-bit data values to respective n-bit fields of an 
intermediate value, where the first n-bit field comprises the n lowest significant bits of 
the intermediate value and the p-th n-bit field comprises the n highest significant bits 
of the intermediate value; 

25 for the p- 1 -th to the first n-bit field, beginning with the p- 1 -th n-bit field, detemiining 

whether the data value in that n-bit field is negative, and if so, generating a new 
intermediate value by subtracting from the intermediate value a logic I value aligned 
with the adjacent n-bit field representing n higher significant bus; 
such that when the first n-bit field has been processed, said intermediate value is said 

30 composite value. 
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3. A method as claimed in Claim I or Claim 2. wherein a first n-bii field of the 
encoded result comprises the n lowest significant bits of the encoded result and a p-th 
n-bit field of the encoded result comprises the n highest significant bits of the encoded 

5 result, the decoding operation comprising the steps of: 

for the first n-bit field to the p-l-th n-bit field, starting with the first n-bit field, 
determining if the data in that n-bit field is negative, and if so, generating a new 
encoded result by adding to the encoded result a logic I value aligned with the 
adjacent n-bit field representing n higher significant bits; 
10 such [hat when the p-l-th n-bit field has been processed, each n-bit field contains one 

of said p final results. 

4. A method as claimed in any preceding claim, wherein the arithmetic operation 
is a function of one or more composite values, each composite value encoding a 

15 plurality of signed n-bit data values, and each composite value being generated by 

^applying said encoding step to the corresponding plurality of signed n-bit data values. 

5. A method as claimed in any preceding claim, wherein said arithmetic 
operation comprises a plurality of operations. 

20 . 

6. A method as claimed in any preceding claim, wherein the signed data values 
are in two-s complement format. 

7. A method as claimed in any preceding claim, wherein the arithmetic operation 
comprises one or more discrete cosine transformation (DCT) operations, each DCT 
operation being a function of one or more composite values, each composite value 
encoding a plurality of signed n-bit data values, and each composite value being 
generated by applying said encoding step to the corresponding plurality of signed n- 
bit data. values. 
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8. A method as claimed in Claim 7. wherein the one or more DCT operations are 
applied to perform JPEG or MPEG compression or decompression. 

9. A data processing system for performing an arithmetic operation on a plurality 
5 'p' of signed 'n-bit' data values, comprising: 

a processor for applying the arithmetic operation; 
a storage for storing the plurality of signed n-bit data values; 

the processor being arranged, prior to execution of the arithmetic operation, to retrieve 
the plurality of signed n-bit data values from the storage, and to encode the plurality 

10 of signed n-bit data values as a composite value comprising p n-bit fields by executmg 

an encoding operation equivalent to aligning each signed data value with a respective 
n-bit field, sign extending each signed data value to the most significant bit of 
composite value, and adding the aligned and sign extended data values to form the 
composite value, the composite value being stored in the storage; 

15 the processor being arranged to apply the arithmetic operation to the composite value 

to produce an encoded result comprising p n-bit fields, and to store the encoded resuh 
in the storage; and 

the processor ftirther being arranged, subsequent to application of the .arithmetic 
operation, to decode the encoded result to produce p final results by executing a 
20 decoding operation equivalent to extracting the data from each n-bit field of the 

encoded result and correcting for any effect caused by the addition of an adjacent sign 
extended data value during the encoding step; 

whereby each final result represents the application of the arithmetic operation to a 
corresponding signed n-bit data value. 
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10. A data processing system as claimed in Claim 9, wherein the processor 
includes a shifter and an arithmetic logic unit (.\LU) arranged to execute the encoding 
and decoding operations. 
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11. A data processing system as claimed in Claim 9 or Claim 10, wherein the 
storage is a register bank for storing data values used by the processor. 

12. A data processing system as claimed in any of claims 9 to II, wherein the 
encoding operation is arranged to allocate said plurality of n-bit data values to 
respective n-bit fields of an intermediate value, where the first n-bit field comprises 
the n lowest significant bits of the intermediate value and the p-th n-bit field 
comprises the n highest significant bits of the intermediate value, and funher is 
arranged, for the p-l-th to the first n-bit field, beginning with the p-l-th n-bit field, to 
determine whether the data value in that n-bit field is negative, and if so, to generate a 
new intermediate value by subtracting from the intermediate value a logic 1 value 
aligned with the adjacent n-bit field representing n higher significant bits, such that 
when the first n-bit field has been processed, said intermediate value is said composite 
value. 

13. A data processing system as claimed in any of claims 9 to 12, wherein a first 
n-bit field of the encoded result comprises the n lowest significant bits of the encoded 
result and a p-th n-bit field of the encoded result comprises the n highest significant 
bits of the encoded result, and the decoding operation is arranged, for the first n-bit 
field to the p-l-th n-bit field, starting with the first n-bit field, to determine if the data 
in that n-bit field is negative, and if so, to generate a new encoded result by adding to 
the encoded result a logic 1 value aligned with the adjacent n-bit field representing n 
higher significant bits, such that when the p-l-th n-bit field has been processed, each 
n-bit field contains one of said p final results. 

14. A data processing system as claimed in any of claims 9 to 13, wherein the 
arithmetic operation is a function of one or more composite values, each composite 
value encoding a plurality of signed n-bit data values, and each composite value being 
generated by applying said encoding operation to the corresponding plurality of 
signed n-bit data values. 
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15. A data processing system as claimed in any of claims 9 to 14, wherein said 
arithmetic operation comprises a plurality of operations. 

5 16. A data processing system as claimed in any of claims 9 to 15, wherein the 

signed data values are in two-s complement format. 

17. A data processing system as claimed in any of claims 9 to 16, wherem the 
arithmetic operation comprises one or more discrete cosine transformation (DCT) 
10 operations, each DCT operation being a function of one or more composite values, 

each composite value encoding a plurality of signed n-bit data values, and each 
composite value being generated by applying said encoding step to the corresponding 
plurality of signed n-bit data %'alues. 

15 18. An encoding/decoding manager for a data processing system arranged to 

perform an arithmetic operation on a plurality 'p' of signed 'n-bii' data values, the 
encoding'decoding manager being arranged to encode the plurality of signed 'n-bit' 
data values as a composite value prior to application of the arithmetic operation by the 
data processing system to generate an encoded result, and to subsequently decode the 

■ 20 encoded result to produce p final results, the encoding'decoding manager comprising: 

an encoder configured in operation to encode the plurality of signed n-bit data values 
as said composite value comprising p n-bit fields by performing an encoding 
operation equivalent to aligning each signed data value with a respective n-bit field, 
sign e.xtending each signed data value to the most significant bit of the composite 
25 value, and adding the aligned and sign e.xtended data values to forai the composite 

value; and 

a decoder configured in operation to produce said p final results by applying a 
decoding operation equivalent to extracting the data from each n-bit field of the 
encoded result and correcting for any effect caused by the addition of an adjacent sign 
30 e.xtended data value during the encoding step; 
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whereby each final result represents the application of the arithmetic operation to a 
corresponding signed n-bit data value. 

19. A data processing system for performing an arithmetic operation on a plurality 
5 'p* of signed 'n-bit' data values, substantially as hereinbefore described with reference 

to the accompanying drawings. , 

20. A method of operating a data processing system to perform an arithmetic 
operation on a plurality *p' of signed 'n-bit' data values, substantially as hereinbefore 

10 described with reference to the accompan>ing drawings. 

21. An encoding/decoding manager for a data processing system arranged to 
perform an arithmetic operation on a plurality 'p' of signed 'n-bit' data values, 
substantially as hereinbefore described with reference to che accompanying drawings. 

15 
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